"Big data" has been awarded to be the second-best Anglicism in 2014.[a](#fn0010){ref-type="fn"} Although microorganisms and particularly viruses are tiny, the standard properties of big data apply: volume, variety, velocity, and veracity. The biodiversity of viruses with its coverage of multiple scales and its high complexity is a big challenge for algorithm and software development in the big data field ([@bb0030]).

Recently, we have started to explore the virus' and host\'s genomes, transcriptomes, metabolome, proteome, and metagenome but also their phenotype, occurrence, and environment. Linking such raw heterogeneous data with current data, e.g., collected from social networks on cumulative occurrences of disease-carrying mosquitoes, is a challenging task. For example, such a task might be solved by combining geo-reference photos from mobile phones with an automatic determination software, allowing better decisions on overarching questions ([@bb0130]).

The storage of such data is essential and currently a computationally unsolved problem. Additionally, calculations on computational cluster machines have annual electricity costs of one third of its acquisition costs. Medical data are usually only semianonymous and therefore cannot be stored and computed in clouds.[b](#fn0015){ref-type="fn"} In the future, we will need novel, qualitatively different computational methods and paradigms. We will witness the rapid extension of computational pan-genomics, a new subarea of research in bioinformatics. A prominent example for a computational paradigm shift is the transition from the representation of single reference genomes as strings to cloud-like representations as graphs ([@bb0285]). Especially, viruses are notorious mutation machines. Therefore, a viral quasispecies is a cloud of viral haplotypes that surround a given master virus ([@bb0325]).

Interestingly, already the storage of simple linear viral genomes is complicated. For instance, although most viral genomes are stored in the NCBI, many virologists refuse to integrate their data due to the generality of the database: One of the first questions during the upload process is "What chromosome is this?" Therefore, virus-specific databases are necessary, however, only a few exist so far ([Table 1](#t0010){ref-type="table"} ), and a general database for all viruses needs to be urgently developed.Table 1Virus-Specific Databases Besides the General NCBI DatabaseToolDescriptionRef.ViPRViPR database integrates genomes and various other types of data for multiple virus families belonging to the Arenaviridae, Bunyaviridae, Caliciviridae, Coronaviridae, Flaviviridae, Filoviridae, Hepeviridae, Herpesviridae, Paramyxoviridae, Picornaviridae, Poxviridae, Reoviridae, Rhabdoviridae, and Togaviridae families.[@bb0315]EpiFlu^TM^GISAID EpiFlu^TM^ is the world\'s most complete collection of genetic sequence data of influenza viruses and related clinical and epidemiological data. EpiFlu^TM^ is tailored to the needs of influenza researchers from both the human and the veterinary fields. The data is publicly accessible but not public domain (GISAID does not remove nor waive any preexisting rights).[@bb0380]HIVThe HIV database contains data on HIV genetic sequences and immunological epitopes. The website also provides an access to several tools that can be used for analysis and visualization.[@bb0090]HCVHCV is a comprehensive database of the hepatitis C virus (HCV).[@bb0225]ViralZoneViralZone is a web-resource from the Swiss Institute of Bioinformatics for all viral genus and families, providing general molecular and epidemiological information, along with virion and genome figures. Each virus or family page gives an easy access to UniProtKB/Swiss-Prot viral protein entries.[@bb0190]VVRThe virus variation resource (VVR) is a selection of web retrieval interfaces, analysis, and visualization tools for virus sequence datasets.[@bb0150]

1. Next-Generation Sequencing {#s0010}
=============================

Next-Generation Sequencing (NGS) has dramatically increased the accessibility of genetic information, generating in only a few hours massive amounts of genome and transcriptome data that is rapidly changing the landscape of many life science disciplines ([@bb0120]). In April 2003, the complete human genome was announced and the project succeeded after spending \$3-billion with a high-quality human reference genome ([@bb0365]). Although the assembly of such a huge genome is still a very challenging task, nowadays the sequencing can be done in just a few days and for only some thousands of dollars ([@bb0120]) by utilizing the still emerging NGS technologies.

In recent years, DNA sequencing (DNA-Seq) based on novel NGS technologies ([Table 2](#t0015){ref-type="table"} ) became the most sophisticated method for the sequencing of full genomes. A general DNA-Seq workflow starts with the library preparation including the fragmentation (chemically, physically) of the DNA molecules. After amplification and sequencing millions of short subsequences, so-called *reads*, are produced. In general, methods like Illumina and Ion Torrent produce reads with a length between 50 and 500 bp, depending on the setup and machine used ([@bb0120]). Next to that short read producing NGS technologies more and more long read NGS approaches are emerging. Very popular is the single-molecule real-time sequencing (SMRT) introduced by Pacific Biosciences ([@bb0340]) (PacBio) producing reads with an average length of 15,000 bp and a maximum of \>40,000 bases. However, PacBio produces only ∼50,000 reads per SMRT cell, whereas Illumina yields ∼180 million reads on one HiSeq2500 lane ([@bb0120]). It is clearly important to produce longer reads to improve the results of various analyzes like the de novo assembly of highly repetitive, large or fast mutating genomes.Table 2Commonly Used Next-Generation Sequencing (NGS) Technologies and Their Major SpecificationsPlatformLength (bp)ThroughputNumber of ReadsErrorCost Per Gb**Short-read NGS***Sequencing by synthesis: SNA*454 Pyrosequencing400--100035--700 Mb0.1--1 M1%, indel\$10--40,000Ion Torrent200--400100 Mb--15 Gb2--80 M1%, indel\$500--2000*Sequencing by synthesis: CRT*Illumina Solexa25--3002--900 Gb10 M--4 B0.1%, subst.\$7--1000Qiagen GeneReader100NA10 M--4 B0.1%, subst.NA*Sequencing by ligation*SOLiD60--10010--320 Gb700 M--1.4 B0.1%, AT bias\$100**Long-read SMRT NGS**Pacific BioSciencesup to 40 Kb0.5--7 Gb∼55 k13% (single)\$10001% (circular)Oxford Nanopore (MinION)up to 200 Kbup to 1.5 Gb\>100 k12%, indel\$750[^1][^2]

Nanopore sequencing is another recent incumbent in the SMRT area: the way nanopore-based sequencing works is by pulling a nucleotide strand (DNA or RNA) through a kind of molecular channel isolated from a bacterium. While passing through the pore, the nucleotide sequence produces a small change in the applied voltage, which can be reinterpreted as the familiar sequence of the bases A, C, T/U, and G, including also modifications such as methylation ([@bb0200]). Because each pore produces its own signal, this technology can be highly parallelized. For example, with the current USB-sized MinION sequencer, 2048 pores are situated on a membrane of the size of a finger nail. The sequencer itself costs a fraction of the aforementioned ones. Furthermore, each pore\'s signal can be detected in real time ([@bb0115]), allowing unprecedented speed and mobility in sequence-based diagnostics, as exemplary demonstrated in field trials during the 2014 Ebola outbreak ([@bb0330]). Furthermore, nanopore sequencing is currently the only technique that does (in theory) not technologically limit the potential read length, which means an entire viral genome can be sequenced in one part at an intact pore. No additional assembly step would be required. The current read length maximum is \>900 Kbp (personal communication with N. Loman). The MinION\'s throughput has been shown to provide up to 15 Gb in 48 h with a protocol-dependent error rate of 5%--15%.

Besides the sequencing of genomic DNA, RNA sequencing (RNA-Seq) emerged as a powerful method for discovering, profiling, and quantifying RNA transcripts or viral RNA genomes ([@bb0305]). However, with currently available short-read NGS techniques such as Illumina it is not possible to directly sequence RNA molecules---first the RNA must be reversely transcribed to complementary DNA (cDNA) for sequencing. Strikingly, nanopore just recently announced a sequencing kit that should allow for the direct sequencing of RNA molecules (and therefore also RNA viruses).

Importantly, within each NGS project one should consider the need and amount of replication, different protocols for molecule selection and library preparation, the achieved throughput and length of the reads and further specific parameters like strand-specificity and the insertion size between paired-end reads.

2. Detection of De Novo Viruses {#s0015}
===============================

Within the last decade numerous genomes of previously unknown viruses have been identified. However, it is still a challenging task to discriminate an outnumbered amount of viral sequences from the majority of host reads. Genome assemblers specifically designed for viral genomes are rare ([Table 3](#t0020){ref-type="table"} ) and cannot overcome an uneven or incomplete coverage of viral genomes.Table 3De Novo Assembly Tools Suitable for the Assembly of Viral GenomesToolDescriptionRef.AV454AV454 is a de novo consensus assembler designed for small and nonrepetitive genomes sequenced at high depth.[@bb0155]RIEMSRIEMS is a software for the sensitive and reliable analysis of metagenomic datasets.[@bb0355]V-FATV-FAT is a tool to perform automated computational finishing and annotation of de novo viral assemblies.[@bb0055]VICUNAVICUNA is a de novo assembly tool targeting populations with high mutation rates.[@bb0430]VrAPThe VrAP (Viral Assembly Pipeline) is based on the genome assembler SPAdes ([@bb0020]) combined with an additional read correction and several filter steps. The pipeline classifies the contigs (contiguous sequences constructed from short reads) to distinguish host from viral sequences. VrAP can identify viruses without any sequence homology to known references.[@bb0110]

Many assembly tools and software suites have been developed for the complete genome assembly in general, such as Velvet ([@bb0440]), ABySS ([@bb0385]), or Geneious ([@bb0210]) ([Fig. 1](#f0010){ref-type="fig"} ). These common tools often fail to assemble full viral genomes, due to a low and uneven read coverage ([@bb0310]), as well as repetitive elements in the viral UTR regions. However, algorithms developed for single-cell sequencing like SPAdes ([@bb0020]) or IDBA-UD ([@bb0310]) perform very well for tested samples and outperform assembly tools like VICUNA ([@bb0430]), especially designed for viral data ([Fig. 1](#f0010){ref-type="fig"}).Fig. 1Comparison of eight assembly tools based on a sequenced C6/36 cell, infected with a Piura virus strain from Mexico. The figure depicts an alignment of de novo assembled contigs (rectangles) to the reference genome of Piura virus (KM249340.1). SPAdes assembles the full viral genome without any difficulties. All other assemblers fail to build a continuous single contig. *Green*---contigs that align correctly. *Red*---misassemblies. The different *color shades* are only for a better visualization of adjacent contigs. The alignment plot was created with Quast ([@bb0145]).Fig. 1Figure adapted from Fricke, M., Zirkel, F., Drosten, C., Junglen, S., Marz, M., 2017. VrAP: full length de novo genome assembly of unknown RNA viruses (submitted for publication).

For an efficient viral de novo assembly we suggest enriching of the viruses by, e.g., ultracentrifugation or FACS prior to the library preparation step. After the sequencing, a standard read quality control should be conducted followed by a host genome filter step, if possible. Finally, the assembly step can be performed based on *de Bruijn* graphs or overlapping layout consensus (OLC) approaches. If possible, the usage of multiple *k*-mer values is recommended. The final assembly can be used for annotation and identification of contigs from viral origin. [Fig. 2](#f0015){ref-type="fig"} shows the viral assembly workflow as used in the VrAP assembly pipeline ([@bb0110]).Fig. 2Workflow of the viral de novo assembly pipeline VrAP. The pipeline requires (preprocessed) reads as input. The output consists of final contigs and an annotation list. The pipeline combines multiple read corrections with SPAdes, a super-contig construction and a contig classification. VrAP comes as an easy to use command-line tool (<http://www.rna.uni-jena.de/en/vrap/>). All steps in *square bracket* are optional. *FACS*, fluorescent activated cell sorting.Fig. 2Figure adapted from Fricke, M., Zirkel, F., Drosten, C., Junglen, S., Marz, M. 2017. VrAP: full length de novo genome assembly of unknown RNA viruses (submitted for publication).

3. Viral Quasispecies {#s0020}
=====================

The above described de novo assembly methods can reconstruct viral genomes. However, to yield a small number of contigs, the algorithms usually include a step that calls a consensus on a given sequence position. This consensus is implemented to reduce the noise in the raw assembly. However, in the context of viral haplotype variants, this step is misleading, because it effectively ignores low-frequency variants and technical errors ([@bb0295]).

To gain insights into viral haplotypes, the reads should be mapped either to a known reference genome or to the contigs that were generated during assembly. This "classification" can be used to infer the viral population structure of each individual species in the sample, thereby increasing the resolution of the diversity estimate. (Intrahost) viral populations consist of many related virions, generated by mutation, recombination, and selection. The resulting diversity is especially large for RNA viruses ([@bb0170]). Even low-frequency variants can be of great interest, for example, because they may harbor drug resistance mutations ([@bb0025]), facilitate immune escape ([@bb0265]), or affect virulence ([@bb0410]). Estimating intrahost viral genetic diversity and reconstructing the individual haplotype sequences relies on both error correction and read assembly ([@bb0320]). It can be performed on different spatial scales, including single sites of the genome (single-nucleotide-variant calling), small sliding windows (local reconstruction), or complete genomes (global reconstruction). Viral haplotype reconstruction tools can quantify viral diversity from NGS data (e.g., [@bb0035]). It was shown that haplotypes differ enough, current NGS reads are not too short and the coverage is high enough to assemble accurate viral haplotype genomes ([@bb0435]). A common prerequisite for these tools is a high-quality alignment of the reads (e.g., [@bb0415]). However, tools exist that allow haplotype calling without a reference genome as presented in [@bb0135]. Nevertheless, the short-read-based discovery of viral sequences in mixed samples remains challenging ([@bb0285]) because most analysis steps are not easily automated and various technical or biological limitations exist ([@bb0110]). There is a need for an integrated workflow combining the different processing steps in viral diversity studies to discover the underlying virus populations that can be used on a daily basis by clinicians and virologists. The advent of SMRT sequencing provides new opportunities. One of the main limitations of the past was the limited length of the sequenced nucleotide fragments. Currently, it is not possible to write cDNA longer than a few thousand of nucleotides (e.g., ∼2000 nucleotides for the wheat stripe rust pathogen ([@bb0245])). However, even if the cDNA transcription would be no limiting factor, current short-read sequencing technologies such as Illumina are only able to sequence small fragments of several hundred nucleotides. Nanopore sequencing lifts these two constraints: it is now possible to sequence much longer fragments (as described above) and to sequence the RNA directly, without the need of a cDNA intermediate, advancing the detection of viral quasispecies.

4. Secondary Structures of RNA Viruses {#s0025}
======================================

RNA viruses are flanked by highly structured 5′- and 3′-untranslated regions (UTRs), which are indispensable for translation and replication of the viral genome [@bb0250], [@bb0255].

Standard RNA secondary structure prediction tools such as mfold and RNAfold ([Table 4](#t0025){ref-type="table"} ) are based on the calculation of the minimum free energy (MFE) and can fold reliably on small local windows of up to 300 nt. Secondary structures of larger genomic segments or interactions spanning larger regions, including pseudogenes, are still bioinformatically challenging. Foldings based on not only one but also multiple sequences are generally more reliable due to following the footsteps of evolution by compensatory mutations. Viruses usually come along with a high mutation rate and therefore with a bunch of similar sequences perfect for a large alignment and predicting secondary structures.Table 4A Selection of Tools for the Detection of Secondary Structures in RNA VirusesToolDescriptionAlignmentRef.RNAfoldRNAfold is a tool to predict secondary structures of single stranded RNA or DNA sequences.No[@bb0140]mfoldmfold is a web server that provides easy access to RNA and DNA folding and hybridization software.No[@bb0445]RNAalifoldRNAalifold is a tool for calculating secondary structures for a set of aligned RNAs. It is part of the Vienna RNA Package.Yes[@bb0160]LocARNALocARNA is a multiple alignment tool based on the calculation of sequence and structure simultaneously.Yes[@bb0425]LRIscanLRIscan is a tool for the prediction of long-range interactions in full viral genomes based on a multiple genome alignment. LRIscan is able to find interactions spanning thousands of nucleotides.Yes[@bb0100]

For example, LocARNA creates a multiple alignment based on sequence and structure simultaneously. Based on this tool larger genomic regions up to 800 nt can be reliable predicted as shown for coronaviruses ([Fig. 3](#f0020){ref-type="fig"} ) ([@bb0275]) and HCV ([Fig. 4](#f0025){ref-type="fig"} ) ([@bb0105]). Nowadays, long-range interactions (LRIs) are computationally predictable by tools such as LRIscan ([@bb0100]), suggesting circularizations of viruses during replication.Fig. 3Alignment-based secondary structure prediction of 5′ genome regions of alphacoronaviruses. The viruses included in this analysis represent all currently recognized species in the genus *Alphacoronavirus*. The alignment (not shown) was calculated by LocARNA ([@bb0425]) and the structure by RNAalifold ([@bb0160]). The consensus sequence is represented using the IUPAC code. *Colors* are used to indicate conserved base pairs: from *red* (conservation of only one base pair type) to *purple* (all six base pair types are found); from *dark* (all sequences contain this base pair) to *light colors* (one or two sequences are unable to form this base pair). To refine the alignment, an anchor at the highly conserved core TRS-L was used.Fig. 3Figure adapted from Madhugiri, R., Fricke, M., Marz, M., Ziebuhr, J., 2014. RNA structure analysis of alphacoronavirus terminal genome regions. Virus Res. 194, 76--89. doi:10. 1016/j.virusres.2014.10.001.Fig. 4Long-range interactions in 5′-UTR, CRE, VR, and X-tail of HCV ([@bb0105]). (A) Overview and possible interactions for all tested HCV sequences. *Gray lines*---known interactions derived from literature, validated by this analysis for all examined isolates; *Green lines*---novel interactions (based on new calculations). The detailed interactions are shown on the right side next to each corresponding interaction line. The leftmost interaction can be extended for a possible circularization of HCV. (B) Possible circularization of HCV. Interacting loops of SLII and DLS of the HCV plus-strand can be extended to at least 62 bp in all available 19 isolates.Fig. 4

5. Analysis of Transcriptomic Host Reactions to Viral Infections {#s0030}
================================================================

The general workflow of a short-read RNA-Seq experiment involves: (1) the extraction of total RNA from a biological sample of interest, (2) the purification of the sample to enrich a certain type of RNA such as mRNAs or microRNAs, and (3) the preparation of a library ready for short-read NGS. The generation of the library may involve steps like the fragmentation of longer RNA molecules, followed by the reverse transcription of the RNA to cDNA, ligation of adapters to the 5′- and/or 3′-ends of the cDNA fragments and PCR amplification to enrich the library for correctly ligated cDNA fragments ([@bb0065]). The resulting reads from an RNA-Seq experiment can be used to estimate the abundances of certain transcripts within each sequenced sample. If different conditions are sequenced, the obtained transcript abundances can be further used to identify differential expressed genes. Before RNA-Seq came up, gene expression studies were performed with hybridization-based microarrays. Contrasting the microarray technology, RNA-Seq allows for the identification of novel transcripts and does not necessarily need a sequenced reference genome. Furthermore, RNA-Seq allows for the genome-wide analysis of transcripts at a single-nucleotide resolution and therefore includes the identification of single-nucleotide variants, gene fusions, allele-specific expression, and alternative splicing events ([@bb0065]).

However, besides all its advantages, RNA-Seq is still an expensive technology. Therefore, in most RNA-Seq studies the number of biological replicates is limited (only 3--5 replicates per condition are quite common) contrasting the comparative high number of genes that are simultaneously tested.

A typical RNA-Seq experiment, involving an eukaryotic cell line and involving two different conditions (untreated, infected), three time points and four biological replicates already results in the sequencing of 24 samples. The current Ensembl annotation of the human genome (v85) consists of 58,051 genes comprising 19,961 genes coding for proteins. In a differential gene expression study, all expressed genes can be compared between different conditions and time points, resulting in an overwhelming amount of data. Genes can be further analyzed for differential expressed isoforms and clustered according to their function. With a de novo gene prediction, one of the huge advantages of RNA-Seq in comparison to microarrays, an incomplete annotation can be further extended and even more genes are possibly involved. The use of different library preparation protocols can extend the complexity of such an RNA-Seq study even further.

Therefore, the statistical analysis of RNA-Seq data with the final goal to define significantly differential expressed genes is a challenging task. Especially, if a high number of reads originating from viral transcripts is involved, outshining the expression of host genes. Furthermore, the generation of a sensible number of biological replicates can be difficult when working with such deadly viruses like Ebola. The analysis can become even more complicated when no reference genome for mapping and quantification of the RNA-Seq reads is available. In this case, a de novo transcriptome assembly can be constructed and annotated from scratch.

To tackle these difficulties, profoundly occurring when working with virus infected RNA-Seq data, different tools and parameter settings should be conducted and combined to achieve a comprehensive overview picture of the host\'s transcriptional reaction to a viral infection. An exemplary pipeline combining different tools for mapping and assembly and working on a genomic and transcriptomic context as well is given in [Fig. 5](#f0030){ref-type="fig"} . The overall goal of the underlying study was to understand why bats can live with the Ebola virus, while humans suffer so much from this deadly infection.Fig. 5Host--virus RNA-Seq methods pipeline for the detection of differential expressed genes (see text for details).Fig. 5Modified from Hölzer , M., Krähling, V., Amman, F., Barth, E., Bernhart, S.H., Carmelo, V.A.O., Collatz, M., Doose, G., Eggenhofer, F., Ewald, J., Fallmann, J., Feldhahn, L.M., Fricke, M., Gebauer, J., Gruber, A.J., Hufsky, F., Indrischek, H., Kanton, S., Linde, J., Mostajo, N., Ochsenreiter, R., Riege, K., Rivarola- Duarte, L., Sahyoun, A.H., Saunders, S.J., Seemann, S.E., Tanzer, A., Vogel, B., Wehner, S., Wolfinger, M.T., Backofen, R., Gorodkin, J., Grosse, I., Hofacker, I., Hoffmann, S., Kaleta, C., Stadler, P.F., Becker, S., Marz, M., 2016. Differential transcriptional responses to Ebola and Marburg virus infection in bat and human cells. Sci. Rep. 6, 34589. doi:10.1038/srep34589.

In this study, performed by [@bb0180], (1) total RNA from a human HuH7 cell line and a fruit bat cell line (R06E-J; *Rousettus aegyptiacs*) infected with either the Ebola or Marburg virus (EBOV, MARV) was harvested 3, 7, and 23 h postinfection, depleted of ribosomal RNA and sequenced on an Illumina HiSeq2500. The bat RNA was further pooled and additionally sequenced on an Illumina MiSeq system. Initial quality control and trimming of the raw data were conducted with FastQC ([@bb0015]) and PRINSEQ ([@bb0360]). (2) For bat RNA, a de novo transcriptome assembly was constructed by combining MiSeq and HiSeq data using Velvet/Oases [@bb0370], [@bb0440], ABySS/Trans-ABySS [@bb0045], [@bb0385], SOAPdenovo-Trans ([@bb0270]), Trinity ([@bb0125]), and Mira ([@bb0060]) with default parameters and multiple *k*-mer values, if possible. (3) The mapping of the RNA-Seq short-reads was performed for Mock-, EBOV-, and MARV-treated cells onto human/bat genomes and the bat transcriptome with Segemehl ([@bb0165]) and TopHat ([@bb0215]). (4) A differential gene expression analysis was performed by counting uniquely mapped reads with HTSeq-count ([@bb0010]) and applying a DESeq ([@bb0260]) analysis in R. The results were further used for clustering and scatter/group plot analyzes. (5) A homology search in bats was performed for all significantly differential expressed genes from (4) and for the genes assumed to be involved in the response to infection based on an enriched pathway analysis and the literature. The *Rousettus aegyptiacus* genome and coding sequences from *Pteropus vampyrus*, a closely related bat species, were used to validate but also to detect homologous sequences in the bat transcriptome. Detected homologs were employed for the differential gene expression analysis. (6) One huge advantage of this comprehensive study was the manual inspection of ∼7.5 % of the human genes. Each candidate gene was manually investigated in the IGV ([@bb0405]) and UCSC ([@bb0085]) browsers for the human and bat samples from all time points. Single-nucleotide modifications (differential SNPs, posttranscriptional modifications), intronic transcripts and regulators, alternative splicing and isoforms, as well as upstream and downstream transcript characteristics were described.

6. Viral Phylogeny/Cophylogeny {#s0035}
==============================

Phylogenetic analysis is a common method in virology, forming a crucial element of investigations describing viruses or viral epidemiology. Nevertheless, many characteristics of viruses pose distinct challenges for phylogenetics: (1) strong differences in evolution rates, (2) great potential for recombination and gene transfer, (3) evolutionary relationships between viruses and their hosts, (4) lack of physical "fossil records" of viruses, and (5) the abundance of genomic viral fossils as parts of ancient viral genomes that occur within the genomes of extant species.

Today, various phylogenetic tree-building methods such as MrBayes ([@bb0345]), BEAST ([@bb0095]), PhyloBayes ([@bb0235]), and RAxML ([@bb0400]) exist. However, trees cannot represent complex evolutionary relations relevant for viruses such as horizontal gene transfer, interspecific recombination, or virus--host coevolution. Different types of phylogenetic networks were developed to represent such relations (e.g., [@bb0195]). However, there is still a high need for research on how to reconstruct such aspects of virus phylogeny.

Genomic evolution can be already observed over the course of years or even days due the fact that the short-term evolution rates of many viruses are so high. It is important that the phylogenetic methods can include the sampling dates of the sequences for analyzing short-term evolution as implemented in TipDate ([@bb0335]). Furthermore, spatial dispersal processes play an essential role, for example, the spatial distribution of a virus within the host\'s body ([@bb0050]). Moreover, the evolutionary substitution rates of viruses can differ even for short-term evolutionary scenarios. One reason is that substitution rates reflect a complex product of mutation rate, generation time, effective population size, and fitness [@bb0205], [@bb0350]. Particularly in viruses, substitutions might be an artifact generated by polymerase errors and nucleotide modifications ([@bb0080]). Thus, the classical assumption of a time-homogeneous substitution process used by different phylogeographic statistical inference methods does not hold and new approaches that can include varying evolutionary rates have been already introduced (e.g., [@bb0040]).

Another problem for viral "deep phylogeny" reconstruction is the genetic distance between viruses. The distance can be so large that reasonable alignments become impossible to calculate. To achieve biologically correct alignments, the development of advanced approaches would help, however, can only marginally alleviate the problem of saturated substitution processes. Including aspects such as genome organization or protein structure as phylogenetic characters could further improve viral alignments and phylogenies ([@bb0175]).

Several ancient viruses have left parts of their genome (or other traces) in the genome of germ line cells of their hosts. Such parts, called endogenous viral elements (EVEs), have survived as nonfunctional, neutrally evolving pseudogenes, or even became fixed as functional. Most EVEs stem from retroviruses because they integrate into host genomes as part of their life cycle. For example, ∼8% of the human genome is derived from \>100,000 retroviral fossils ([@bb0230]). However, in recent years, EVEs from many other viruses have been found ([@bb0185]). Different programs have been developed to detect EVEs in complete genome sequences such as RepeatMasker [@bb0390], LTR_STRUC ([@bb0300]), and RetroTector ([@bb0395]). Moreover, a combination of several of these programs seems very promising for the calculation of viral phylogenies ([@bb0240]).

Withal, associations between viruses and their hosts can influence the phylogeny of both partners. A divergence of the host can also lead to a divergence of the virus (codivergence) and thus to a (local) congruence of both phylogenies. A match of the virus phylogeny with host evolutionary events at known dates can be used to adjust the virus phylogeny or corresponding molecular clocks ([@bb0375]). The ability of viruses to switch their hosts can enable viruses to replicate and spread more efficiently. This process is commonly known as an epidemic and is observed in pathogenic viruses ([@bb0420]). Owing to the advantages conferred by the conquest of new host territory, several researchers presume host switching as an elementary component of virus evolution that might initiate viral speciation ([@bb0220]). Attributed to the fact that virologists are highly interested in the reconstruction of the common history of viruses and their hosts, several bioinformatic tools have been developed for this purpose ([@bb0075]).

However, there is still a huge amount of research questions that need to be answered based on new computational methods. For example, the inclusion of biogeographic information, ecological traits, or preferential host switching are crucial tasks ([@bb0070]). A better knowledge of the timing and underlying conditions of those processes might enable projections into the future and thereby contribute to tackle one of the major issues in today\'s infectious diseases research: the prediction and prevention of future pandemics and outbreaks.

7. Conclusions and Future Perspectives {#s0040}
======================================

It is essential to bundle the expertise\'s of virus bioinformatics to follow with larger steps the small footsteps that were already taken. There is an urgent need for novel and specialized tools that allow the efficient detection, assembly, and classification of already known and completely new viruses in a fast and reliable way.

One big step in this direction involves the establishment of research networks between experienced scientists to facilitate the exchange of knowledge and to speed-up the development of powerful tools. DiaMETA-net is a German network which focuses on metagenomics in infection medicine. The research groups within the network devote themselves to the very broad detection and characterization of pathogens (viruses, bacteria, parasites) by means of NGS. However, the first specialized virology-bioinformatics organization, the EVBC (European Virus Bioinformatics Center), has been established rather recently on March 2017, comprising up to now 100 members from over 50 research institutions distributed across 13 European countries.

The future of virus bioinformatics clearly depends on how fast we develop specific bioinformatical tools, take first steps to establish a useful virus-specific database, and help to establish joint research projects. We must initiate and coordinate ring trials, undergraduate courses, graduate summer schools, and courses for principal investigators.

Whereas the list of bioinformatical tools presented in this section is supposed to be incomplete, they should provide a good overview and starting point to dive even deeper into the computational analysis of viral sequences.

<http://www.anglizismusdesjahres.de/anglizismen-des-jahres/adj-2014/>.

Cloud storage or cloud computing refers to shared computer processing resources and data on demand.

[^1]: Generally, NGS technologies can be divided in *short-read* and *long-read* approaches, depending on the length of the produced reads. SNA, single-nucleotide addition; CRT, cyclic reversible termination; SMRT, single-molecule real-time sequencing; indel, nucleotide insertion--deletion; subst., nucleotide substitution.

[^2]: This table is mainly based on recent reviews [@bb0120], [@bb0280].
